Introduction
Embryonal mortality in swine represents a major loss of productivity, yet the mechanisms mediating effects on embryo survival have not been clearly identified. Recently, Zak et al. (1997) showed that when primiparous sows were fed to appetite from farrowing to d 21, but then restricted to 50% of ad libitum intake from d 22 to 28 of lactation, embryonal survival at d 28 of gestation decreased to 64.4%, compared to 87.5% in sows fed to appetite throughout the lactation period.
Nutritional effects on embryonal loss can be attributed to several factors (Foxcroft, 1997) . However, several studies indicate that changes in plasma progesterone may mediate nutritional effects on embryonic survival (Den Hartog and van der Steen, 1981; Dyck and Strain, 1983; Kirkwood and Thacker, 1988; Parr et al., 1993; Jindal et al., 1996) , and progesterone concentrations during early pregnancy in gilts (Ashworth et al., 1989; Pharazyn et al., 1991; Jindal, 1996) and primiparous weaned sows (Clowes, 1993; Jindal, 1996) were positively associated with embryonal survival. Direct evidence supporting a role for progesterone came from experiments in sheep in which exogenous progesterone treatment reversed detrimental effects of high plane feeding on embryo survival (Parr et al., 1987; Ashworth et al., 1989) , and in gilts in which supplementary progesterone after mating increased embryonal survival at d 30 from 66.4 to 82.8% (Ashworth, 1991) and at d 28 from 70.0 to 84.4% (Jindal et al., 1997) . Therefore, taking advantage of the experimental paradigm developed by Zak et al. (1997) , the present study was undertaken 1 ) to determine whether negative effects of lactational feed restriction on embryonal survival could be abrogated by administration of progesterone in early pregnancy and 2 ) to confirm functional relationships between progesterone in the postovulatory period and embryonal survival in primiparous weaned sows.
Materials and Methods
Thirty-four lactating primiparous Camborough sows from Pig Improvement (Canada) Ltd., assigned to four farrowing groups (replicates), were used in this experiment. Whenever possible, the number of pigs per litter was standardized to 9 within 48 h after farrowing, resulting in 8.9 ± .1 and 8.7 ± .1 pigs suckling per litter in control and progesterone groups, respectively. All sows were given ad libitum access to feed from farrowing until d 21 of lactation (farrowing day is d 0 ) with a barley-soybean diet formulated to provide 3,410 kcal of DE/kg, 16.05% crude protein, and .87% lysine (see Table 1 ). Feed allowance was then reduced to 50% of ad libitum intakes between d 22 and weaning, equally divided between meals at 0730 and 1500 daily. Feed consumption was determined by the weigh-back method. Water was available ad libitum to the sows and pigs throughout the experimental period. Control and progesterone sows were weaned on d 27.4 ± 1.1 and d 27.3 ± .7, respectively. Sow body weight, backfat thickness at P 2 , and litter weight were recorded at farrowing, d 21, and weaning.
From weaning, all sows were given ad libitum access to a barley-soybean diet formulated to provide 3,045 kcal of DE/kg, 13.89% crude protein, and .60% lysine (see Table 1 ) until slaughter. Onset of standing estrus was detected twice daily at 0730 and 1930 by direct exposure to mature vasectomized boars for 15 min to determine weaning-to-estrus interval; mating was not permitted. The 24-h period after first detection of estrus was designated as d 0. All experimental sows were artificially inseminated 12 and 24 h after the first observed standing estrus with pooled semen ( 3 × 10 9 spermatozoa/dose) from the single group of three fertile boars specifically designated for this experiment. Semen was provided by the Alberta Swine Genetics Corp., Leduc, Alberta, and was used for insemination up to 4 d after collection. All sows were inseminated by the same trained person.
Progesterone Treatment. Within each replicate, sows were equally allocated in a stratified design according to percentage of body weight loss over the first 21 d of lactation to be treated with ethyl oleate (control group; n = 17) or to receive progesterone therapy (progesterone group, 25 mg P 4 /mL in ethyl oleate; n = 17). All sows received a series of six intramuscular injections of progesterone or ethyl oleate immediately posterior to the ears at 12-h intervals, beginning 36 h after onset of standing estrus. Based on the progesterone therapy schedule used in a previous gilt study (Jindal et al., 1997) , the progesterone dose was set at 2 mg/kg body weight .75 , calculated on an individual sow-weight basis within a 10-kg body-weight range.
Blood Sampling for Progesterone Assessment. On the basis of earlier data , blood samples (2.5 mL) were collected from all sows from a peripheral ear vein into heparinized tubes at 36, 48, 72, and 96 h after first detection of standing estrus during a brief period of nose-snare restraint. Plasma was harvested by centrifugation at 1,500 × g for 15 min immediately after collection and stored at −30°C until analysis for progesterone concentration using a Coat-A-Count progesterone kit (#TKPG1, Diagnostic Products, Los Angeles, CA) validated for use as a direct assay with porcine plasma. No significant deviation from parallelism was apparent from assaying 100, 50, 25, 12.5, and 6.25 mL of standard plasma pool. The sensitivity of the assay, defined as the apparent concentration 2 SD below the counts at maximum binding was .009 ng/tube (.09 ng/mL). The intraassay CV was 4.2%, and the interassay CV was 13.9%. Known amounts of unlabeled hormone in a pool of porcine plasma were included with each assay, and measured estimates of P 4 averaged 105 ± 3.1% of hormone added.
Ovulation Rate and Embryonal Survival. All sows were slaughtered at a local abattoir on d 28 ± 3 of pregnancy. Immediately after slaughter, the reproductive tract was recovered from each sow, and both ovaries were examined to determined the number of corpora lutea (as the measure of ovulation rate). Several cuts into the ovarian tissue were made to determine the presence of any hidden corpora lutea. Each uterine horn was opened by blunt dissection along the antimesometrial axis, and gentle eversion of the uterus was used to recover embryos within their trophoblastic vesicles. To provide an objective measure of abnormal development, embryos were classified as being nonviable on the basis of a crown-rump length of more than 2 SD less than the mean for embryos recovered from that sow . Two measures of embryonal survival were then determined: 1 ) total embryonal survival, expressed as the percentage of corpora lutea represented by any embryo; and 2 ) viable embryonal survival, expressed as the percentage of corpora lutea represented by normally developed embryos.
Statistical Analyses. Differences between control
and progesterone groups for sow body weight, body weight change, sow backfat thickness at P 2 , backfat thickness change, litter weight, pig growth rate, and weaning-to-estrus interval were analyzed using the SAS GLM procedure (SAS, 1990) . The effect of progesterone treatment on ovulation rate, total number of embryos, total embryonal survival rate, number of viable embryos, and viable embryonal survival rate were also assessed using the GLM procedure of SAS (1990) . For all these variables, replicate, treatment, and the treatment × replicate interaction were included in the model, but no interaction between treatment and replicate was detected. Sow was the experimental unit and was used as the estimate of error. The average crown-rump length of all embryos from each sow was adjusted to d 28 using day of gestation at slaughter as a covariate. Correlation analysis (SAS, 1990) was used to determine the associations between sow body weight loss over lactation and embryonal survival rate, between feed intake over the last week of lactation and ovulation rate, and between litter weight gain and sow body weight and backfat loss during lactation. The stepwise linear regression procedure (SAS, 1990) was used to describe the association between progesterone concentrations at 36, 48, 72, and 96 h after onset of standing estrus, and ovulation rate and embryonal survival rate. For the analysis of progesterone concentrations, the SAS GLM procedure was used again (SAS, 1990) , with treatment, time, and treatment × time interaction in the model. In the presence of a significant treatment × time interaction, the comparison of progesterone concentrations at 36, 48, 72, and 96 h after onset of standing estrus between the two groups, and among different time points within groups, was made by Duncan's multiple range test (SAS, 1990) . In the results, the least-squares means and the standard errors of means are given.
Results
Of the 34 sows that were allocated to treatment during lactation, two became sick after weaning, one did not return to estrus within 10 d after weaning, and two had poor artificial insemination based on the breeding management records. These 5 sows ( 3 from the control and 2 from the progesterone group) were removed from the experiment, which resulted in data from 29 sows for final analysis. Of these, all 14 control sows and all 13 progesterone sows were pregnant at d 28. Two progesterone sows were recorded in estrus 21 d after AI and had reovulated when slaughtered between d 22 and 23. Therefore, in terms of reproductive characteristics, two analyses were carried out, including or excluding data from these two nonpregnant sows.
Daily feed intake during the first 3 wk and the last week of lactation and during the period from weaning to d 28 of pregnancy; sow body weight; backfat thickness at P 2 at farrowing, d 21, and d 28 of lactation; changes in sow body weight; body weight loss and changes in backfat thickness from farrowing to weaning; litter weight at birth, d 21, and d 28 of age; and pig growth rate from d 1 to 28 for the two groups were not different ( P > .05, Table 2 ). There was no relationship between sow body weight loss over lactation from d 1 to 21 or from d 1 to 28 and total or viable embryonal survival rate. Litter weight gains from birth to d 21 of lactation were correlated with sow body weight loss ( r = −.52, P = .005, n = 29), but not with backfat loss during lactation ( P > .05). There was no difference in progesterone concentrations 36 h after onset of standing estrus ( P > .05), but immediately after progesterone treatment, the plasma progesterone concentrations in progesterone sows increased ( P = .0006) compared with those in controls and reached 19.2 ± 1.8 ng/mL 96 h after onset of standing estrus. In contrast, plasma progesterone concentrations increased gradually in controls to 6.7 ± .6 ng/mL at 96 h after the onset of standing estrus (Table 3) . There was no difference in weaning-toestrus interval, ovulation rate, pregnancy stage when the animals were slaughtered, and the embryo crownrump length between the two groups ( P > .05, Table  4 ). Ovulation rate was correlated with feed intake during the last week of lactation ( r = .38, n = 27, P = .053). All measures of embryonal survival in Table 4 . Least squares means (± SEM) of weaning-to-estrus interval, ovulation rate, total number of embryos, total embryonal survival rate, number of viable embryos, viable embryonal survival rate, and crown-rump length at day 28 ± 3 of pregnancy in control and in progesterone-treated sows a,b Within a row, means with different superscript letter differ ( P < .005). c NA = data not available because of two nonpregnant sows.
Control Progesterone

Item
All sows (n = 14)
All sows (n = 15)
Pregnant sows (n = 13)
Weaning-to-estrus interval, h 123.5 ± 5.7 123.1 ± 5.9 125.0 ± 7. Table 3 . Least squares means (± SEM) of plasma progesterone concentrations at 36, 48, 72, and 96 h after onset of standing estrus in control (n = 14) and in progesterone-treated sows (n = 15) a,b Within a column, means lacking a common superscript letter differ ( P < .001).
w,x,y,z Within a row, means lacking a common superscript letter differ ( P < .03).
Treatment
36 h 48 h 72 h 96 h ng/mL Control .7 ± .2 a,x 1.5 ± .3 a,x 3.9 ± .5 a,y 6.7 ± .6 a,z Progesterone .6 ± .1 a,w 6.3 ± .5 b,x 12.4 ± .7 b,y 19.2 ± 1.8 b,z progesterone sows were lower than in controls, but as shown in Figure 1 this effect was largely associated with a viable embryonal survival rate less than 40% in 7 out of 15 progesterone sows; embryo survival rates in the remaining 8 sows fell within the range for control sows. Exclusion of data from the two nonpregnant sows did not affect the outcome of these analyses.
Discussion
In a recent study in our laboratory (Zak et al., 1997) , different patterns of lactational catabolism in primiparous sows produced differential effects on ovulation rate and embryonal survival. Sows on ad libitum feed intake for 21 d and 50% feed restriction during the last week of a 28-d lactation ( AR) had a lower ovulation rate and embryonal survival than fullfed sows ( AA) and similar ovulation rate but lower embryonal survival compared with sows feed-restricted for 21 d and on ad libitum feed intake during the last week of lactation ( RA) . The AR feeding regimen, therefore, selectively reduced embryonal survival. Several studies with gilts have suggested that differences in embryonal survival rate may be mediated by differences in the concentrations of plasma progesterone in early pregnancy (Aherne and Kirkwood, 1985; Ashworth, 1991; Pharazyn et al., 1991; Jindal et al., 1996 Jindal et al., , 1997 , and similar associations between plasma progesterone concentrations in the early stage of pregnancy and embryonal survival in primiparous lactating and weaned AR-treated sows were reported by Jindal (1996) . Therefore, this same Figure 1 . Relationship between plasma progesterone at 72 h after onset of standing estrus and embryonal survival rate at d 28 in all sows (n = 29) (control sows, ÿ; progesterone-treated sows, o).
sow model was used to directly examine the role of progesterone as a mediator of embryonal survival rate in primiparous weaned sows.
In the present experiment, the sows lost more backfat (5.6 to 5.7 vs 4.7 mm) and body weight during lactation than the AR sows in previous studies (Jindal, 1996; Zak et al., 1997) . Litter size is a major factor determining milk production and hence the nutrient requirements of sows. The influence of litter size ( 6 vs 10) on backfat and body weight loss in a 28-d lactation in primiparous sows has been shown by Yang et al. (1989) . The number of pigs suckling in the present study was increased from six to nine per litter so that the AR treatment would more closely reflect the commercial situation. This increase in pigs suckling resulted in a 54% increase in total litter weight gain compared with AR sows that suckled only six pigs (Zak et al., 1997) . In turn, the extra milk production associated with this change resulted in greater mobilization of maternal tissue, as evidenced by an extra 2.9% in sow body weight loss, an extra 5.3% increase in backfat loss over the 28-d lactation, and an extra increase in negative energy balance by 763 kcal of ME/d ( −4,457 vs −3,694 kcal of ME/d), based on the energy calculation method of lactating sows recommended by Noblet et al. (1990) . A reduction in feed intake during the last week of lactation was also reported to increase the fat content of milk, and the fatty acid pattern of milk may change because of excessive mobilization of body lipid and protein (Mullan and Williams, 1989) . Even though milkfat was not estimated, the litter weight gain from birth to d 21 of lactation had a strong negative correlation with sow body weight loss but not with backfat during lactation.
In the present study, the average weaning-to-estrus intervals of 123.5 to 125.0 h were similar to intervals of 122.4 and 127.2 h observed previously (Jindal, 1996; Zak et al., 1997) . Consistent with the study of Yang et al. (1989) , increase in litter size from six to nine did not seem to influence the interval from weaning to estrus in primiparous sows. The average ovulation rates of 18.1 and 18.3 were higher than those of 15.4 observed by Jindal (1996) and 15.6 reported by Zak et al. (1997) . This increase in ovulation rate may be related to the higher feed intakes allowed during the last week of lactation in the current study (3.3 and 3.1 kg) compared with those in previous studies (2.7 kg, Jindal, 1996; 2.1 kg, Zak et al., 1997) , as a consequence of high voluntary feed intake between d 17 and 21 of lactation. As suggested by Brooks (1982) , sows that become catabolic during lactation may remain so after weaning and as a consequence have reduced ovulation rates. Indeed, there was a reasonable correlation between the feed intake during the last week of lactation and ovulation rate in the present experiment.
Although there was no correlation between plasma progesterone concentrations at 36, 48, 72, or 96 h after onset of standing estrus in control sows and embryonal survival rate, likely because of the limited number of animals used, the distribution of data shown in Figure 1 is similar to that reported in AR sows by Jindal (1996) . The viable embryonal survival rate of 69.5% in controls was slightly higher than, but comparable to, that observed previously in AR treatment groups (58.5%, Jindal, 1996; 64.4%, Zak et al., 1997) . The total embryonal survival rate and the viable embryo survival rate in progesterone sows were lower than in controls. These results were obviously not consistent with the positive responses to progesterone therapy reported in gilts (Ashworth, 1991; Jindal et al., 1997) . Compared with the gilt model, in which progesterone treatment started from 24 h after standing estrus (i.e., 15 h after the LH peak or 21 h before ovulation; Jindal et al., 1997) , in the present study, based on data from the same sow genotype used in the study of Clowes (1993) , the sows were treated with progesterone from 36 h after standing estrus (i.e., 18 h after the LH peak or 18 h before ovulation). Thus, in relation to the time of the LH peak and ovulation, the progesterone treatment procedure was approximately the same as in gilts. Although calculation of embryo survival is based on the assumption that fertilization rate is 100%, some component of this estimate of embryo mortality is related to fertilization failure (Lambert et al., 1991; Kemp and Soede, 1997) . Day and Polge (1968) reported that the percentage of oocytes fertilized was reduced and the incidence of polyspermy was greatly increased in gilts injected with progesterone 24 or 36 h before ovulation; it is therefore possible that progesterone may also have affected fertilization rate. Assuming that the duration of estrus in weaned sows with an early return to estrus would be at least 3 d, and, therefore, probably a day longer than we observe in cyclic gilts, the amount of variation in the interval between onset of standing estrus and ovulation may be more variable. Therefore, the time of treatment in relation to the time of ovulation might fall into the 24 to 36-h window described in the study of Day and Polge (1968) . In this case, it is possible that fertilization failure may have been an important factor in sows that returned to estrus after breeding or with low embryo numbers at d 28.
Embryos are normally retained within the oviduct for about 2 d, and secretions in the oviduct may affect cleavage rate or embryonal viability (Gandolfi and Moor, 1987; Fukui et al., 1988) . In addition, the time spent in the oviduct may also be necessary to give the uterus time to prepare to nurture the embryo. Eventually, rising progesterone concentrations seem to cause dilation of the oviduct and, as a result, transport of the embryos to the uterus (Dziuk, 1985) . Generally, estradiol retards, whereas progesterone enhances, the transport of the zygotes. Higher concentrations of progesterone during this time can reduce the time that embryos reside in the oviduct (Day and Polge, 1968) and in turn can affect embryonic development. Secretory activity of the endometrium is also correlated with the endocrine status of the dam. Protein synthesis by the endometrium is high when the ratio of progesterone to estrogen is at a maximum, and progesterone treatment during early gestation caused a significant increase in the amount of uterine proteins (Knight et al., 1974; Roberts and Bazer, 1988) . Some of the proteins play a nutritional role, and some play a part in directing or limiting the growth and development of the conceptus (Roberts and Bazer, 1988) . The study by Lawson and Cahill (1983) demonstrated that high levels of progesterone during the first 4 d of the estrous cycle in ewes hastened the development of the diestrous uterus so that on d 6 it was able to provide an environment acceptable to 10-d-old embryos. In pigs, it is well established that embryos transferred to more advanced uteri quickly die (Jarrell et al., 1990; Geisert et al., 1991) . Thus, progesterone may have led to an asynchronization between embryonic development and uterine function, and some embryonal losses may simply result from the inability of less-developed embryos to maintain their rates of development in the face of an increasingly hostile uterine environment. Again, the very divergent effects of progesterone treatment in the sows in this experiment, compared with the effects in gilts reported previously, may relate to differences in the time relative to ovulation at which treatment was given. With high-quality transrectal ultrasonography now available in our laboratory, it will be possible in future experiments to address this question.
In conclusion, compared with previous experiments with gilts, a similar pattern of progesterone therapy decreased embryonal survival rate in this study, rather than reversing the detrimental effect of increased catabolism in late lactation on embryonal survival.
Implications
Given the variability in response to progesterone treatment administered in the periestrous period, it is unlikely that a practical treatment protocol can be developed at this time for use in weaned sows to improve embryonal survival and litter size.
